4 example, the degree to which information from model-organism databases can be extended to 1 0 5 species x 4 tissues x 3 biological replicates) from the total RNA samples using Illumina TruSeq HiSeq 2000 (V3 chemistry) for a total of six lanes of 2 x 100 bp paired-end sequencing. data in three main steps: de novo assembly, gene annotation, and analysis of expression of 1 1 2 duplicated genes. Adapters and barcode sequences were removed from raw reads, and reads 1 1 3 were trimmed using TRIMMOMATIC (Bolger et al. 2014) with parameter settings as follows: 1 1 4 leading quality = 5; trailing quality = 5; minimum trimmed read length = 36). Reads were 1 1 5 normalized in silico to maximum read coverage of 50X. Clipped and trimmed reads were into contigs ("TRINITY transcripts"), places similar transcripts in groups loosely referred to as 9 arbitrary threshold of ten sequence reads per gene per tissue, summed across all three 1 7 0 individuals, for a given gene to be considered "expressed" in a particular tissue. This approach 1 7 1 was aimed at reducing the influence of unique or nearly unique reads (e.g., sequencing artifacts). Most of the contigs excluded as a result of this filtering were contigs represented only by 1 7 3 singleton reads in one library. For C. carpio, we tested whether certain functional classes of genes were preferentially 1 7 5 expressed in duplicate (i.e., the case where neither ohnolog silenced). For this analysis, we used (ENSDARG00000045605) is an unprocessed pseudogene with no protein product. We searched 1 8 8 for the remaining 305 genes in the three transcriptome assemblies to assess their conservation 1 8 9 across the cyprinid phylogeny. We predicted that expression would be conserved due to their 1 9 0 high rate of conservation seen in other organisms (Amsterdam et al. 2004 ). zebrafish peptides included approximately 20,000 unique genes (ENSDARG) and 11,000 protein 2 2 1 families (ENSFAM) present in each of the three species ( Fig. 3 ), suggesting similar annotation 2 2 2 efficiency and transcriptome representation for each species. However, after pooling isoforms, 2 2 3 the number of TRINITY genes that significantly matched these ~20,000 zebrafish genes varied 2 2 4 among species: 66,447 in Cyprinus carpio, 60,990 in Cyprinella lutrensis, and 39,915 in 2 2 5 Platygobio gracilis (Table 3 , top row). Zebrafish genes were well covered, with more than 2 2 6 15,000 unique zebrafish genes covered over at least 70% of their length in corresponding contigs 2 2 7 from each of the three cyprinids, consistent with the N50 data presented above. In general, 2 2 8 zebrafish proteins were more completely covered by P. gracilis contigs than C. carpio or C. lutrensis. For example, zebrafish genes were more than 90% covered by sequences in 50.3% 2 3 0 (12,489 of 24,817 genes) of P. gracilis genes with significant zebrafish peptide hits versus 49.9% of TRINITY contigs did not significantly match (BLASTx) zebrafish peptide sequences and were 2 3 3 subsequently queried against several additional databases. peptides were queried (BLASTn) iteratively against rRNA silva microbiome database, nine 2 3 7 teleost transcriptomes, and the zebrafish genome databases (Table 3) . For contigs lacking hits 2 3 8 against zebrafish peptides, BLASTn searches versus the rRNA silva database revealed a small 2 3 9 number of significant hits (i.e., <400 contigs; Table 3 ). BLASTn searches of the remaining 2 4 0 unmatched contigs versus the nine teleost fish transcriptomes identified approximately 1,500 -2 4 1 4,500 additional hits (Table 3) , far fewer than the evolutionarily more closely related zebrafish Despite extensive BLAST searches, a large number of TRINITY contigs (>100,000 in each 2 4 9 species or more than 50% of all contigs) did not have significant hits in any of the databases. These, contigs are short in length (i.e., 200 bp) and have few reads mapping to them (e.g., single- which were not present in target databases. Of contigs with no BLAST hits in the 2 5 5 aforementioned databases, TRANSDECODER predicted ORFs in 8,652 (Cyprinus carpio), 9,215 2 5 6 (Cyprinella lutrensis), and 3,011 (Platygobio gracilis) contigs (Table 4 ). Roughly half of the 2 5 7 13 predicted ORFs had significant BLASTp hits against the nr protein database (3,789, 4,154, and 2 5 8 1,548 contigs, respectively). Conversely, there were 4,863 (C. carpio), 5,061 (C. lutrensis), and 2 5 9 1,463 (P. gracilis) predicted ORFs had no significant hits against nr (Table 4 ). These ORFs 2 6 0 could include novel genes not present in zebrafish or other teleost models, genes present in 2 6 1 zebrafish but with significantly divergent sequences or exon structure to cause BLAST searches 2 6 2 to miss them, or could include genes from the microbiome that are not present in sequence 2 6 3 databases.
6 4
For ORFs with nr hits, zebrafish was the top-hit species for a large portion ( Fig. 4 ), 2 6 5 somewhat paradoxically given the lack of significant BLAST hits against zebrafish peptide and 2 6 6 genome sequences discussed above. This appears to be due to the fact that TRANSDECODER-2 6 7 predicted ORFs exclude 5' and 3' untranslated regions (UTRs) which diverge more rapidly than 2 6 8
ORFs over evolutionary time. In C. carpio and C. lutrensis, many of these ORFs are from the 2 6 9 microbiome and share significant similarity to cyclophyllid tapeworms (e.g., Echinococcus, 2 7 0 Hymenolepis) and protozoans (e.g., Tetrahymena, Parameceum). Conversely, in P. gracilis the 2 7 1 ORFs appear to be endogenous genes with high similarity to zebrafish ( Fig. 4 ). Contigs with 2 7 2 predicted ORFs but no BLAST hits to any of the databases possibly represent novel or 2 7 3 functionally divergent genes in these species that warrant further study. These sequences are 2 7 4 available as fasta files in Dryad (XXXXXXXX). into one of the following categories: (1) contigs with significant BLAST hits against zebrafish 14 or the nine other teleost transcriptomes; or (2) contigs with no matches against any of the 2 8 0 databases but with predicted ORFs present, i.e., potentially novel genes. All other contigs were 2 8 1 removed via bioinformatic filtering. The final datasets are significantly smaller than the raw de 2 8 2 novo assembly deposited in NCBI TSA, but present much more reliable sequence information, i.e., actual transcriptome sequences rather than microbiome or genomic DNA contamination. were nearly all present in the three cyprinids: 285 (Platygobio gracilis), 301 (Cyprinella 3 0 7 lutrensis), and 301 (Cyprinus carpio) genes were expressed out of 305 zebrafish essential genes 3 0 8 (i.e., 93.4 -97.8%). Essential genes were nearly ubiquitously expressed across all four tissue 3 0 9 types (skin, gill, gut, kidney), with low levels of tissue specificity ( Fig. 7) , in contrast to non-3 1 0 essential genes which generally exhibited higher levels of tissue specificity. Normalized levels 3 1 1 of expression were higher in C. carpio than P. gracilis and C. lutrensis for 165 and 204 out of 3 1 2 305 genes, respectively. This pattern was not due to C. carpio expressing more loci per 3 1 3 zebrafish gene (e.g., Ohnologs) than the other two species. Only slightly more loci (e.g., n=2
3 1 4 contigs) were expressed per essential gene in the recently duplicated C. carpio genome (Fig. 8) Assembly results.-There are important considerations associated with conducting transcriptome 3 4 6 analysis in a non-laboratory setting and in species lacking high-quality, well-annotated genomes.
4 7
For example, it is necessary to identify ways to maximize the quality and completeness of de 3 4 8 novo assemblies. Our assemblies are somewhat less complete than the zebrafish reference, as 3 4 9 expected because zebrafish has been sequenced extensively at the genomic DNA level, 3 5 0 empirically validated with RNA-seq, and refined by years of manual curation. BLAST searches (Fig. 4) . Second, a small amount of genomic DNA contamination persists assemblies are more fragmented due to the short read technology employed, with multiple particularly acute in genes with short sequence repeats, such as microsatellites. Finally, we only 3 6 0 used the canonical zebrafish transcripts in this study, which excludes the shorter isoforms present stages. We propose that the number of essential genes expressed could be used as a metric to genes where both Ohnologs were expressed in C. carpio, there was enrichment in several 4 2 3 different functional pathways, but in particular many genes were associated with "anatomical 4 2 4 structure morphogenesis" (Fig. 6) . This difference may be due to the large body size and rapid 
